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Abstract

The riverbanks of the Inner Mongolia reach of the Yellow River face persistent risks
of deformation and collapse due to freeze-thaw cycles and hydrodynamic forces.
However, most existing studies have concentrated on urban land subsidence or the
stability of hydraulic structures, while long-term and multi-reach systematic mon-
itoring of this seasonally frozen and meandering section remains scarce. Based

on Sentinel-1A satellite data, this study employs the Small Baseline Subset INSAR
(SBAS-InSAR) technique to derive the spatiotemporal characteristics of riverbank
deformation, integrates channel migration information to examine the spatial rela-
tionship between channel evolution and bank deformation, and conducts long-term
deformation pattern analyses in representative reaches. The results indicate that the
riverbanks in this section are generally stable, with 96.5% of monitoring points show-
ing an average annual deformation rate within £30 mm/a. Nevertheless, significant
deformation was detected in some areas between the Bayangaole and Toudaoguai
hydrological stations, dominated by uplift and strongly influenced by river water level
fluctuations. Subsidence primarily occurred along the outer banks of meander bends,
where loose bank structures pose potential stability risks. Specifically, in the Shi-
sifenzi area, the average annual deformation rate ranged from -20.1 to 24.8 mm/a,
with subsidence concentrated at meander crests and cultivated land, potentially
affecting levee stability and farmland safety. In the Wenbuhao area, rates ranged
from -18.7 to 19.5mm/a, with subsidence concentrated along the eastern riverbank,
indicating localized erosion risks, while uplift mainly occurred in farmland farther from
the river. This study reveals the differentiated response characteristics of various
reaches under hydrodynamic forces and demonstrates that SBAS-INSAR is effective
for monitoring riverbank deformation in complex environments. The findings provide
reliable technical support for riverbank hazard prevention and the protection of river-
front infrastructure in seasonally frozen regions.
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1. Introduction

The Inner Mongolia reach of the Yellow River is a seasonally frozen river system in
northern China. Its riverbanks are subject not only to prolonged fluvial erosion but
also to freeze-thaw cycles in winter, which degrade the soil’s physical and mechan-
ical properties, leading to gradual subsidence and eventual structural failure [1].
These collapses compromise embankment stability, agricultural land, and transpor-
tation infrastructure, while also exacerbating sedimentation and soil loss, posing a
significant threat to riverside communities [2]. Therefore, high-precision deformation
monitoring is essential for slope stability assessment and collapse prediction.

In recent years, disaster prevention and mitigation have garnered widespread
attention. Accurate and scientific monitoring of riverbank deformation and early
disaster warning have become critical challenges in water conservancy management
and disaster prevention. However, in river basins spanning hundreds to thousands of
kilometers, traditional field survey methods are constrained by high costs and pro-
longed on-site operations, making it difficult to meet large-scale monitoring demands
with high spatiotemporal resolution [3,4]. The rapid advancement of Interferometric
Synthetic Aperture Radar (INnSAR) technology has introduced a novel solution for riv-
erbank deformation monitoring [5]. INSAR technology offers all-weather, continuous
observation capabilities, enabling large-scale monitoring and making it particularly
suitable for regions where traditional ground-based monitoring equipment is difficult
to deploy. Consequently, it has become an effective supplementary approach for
surface deformation monitoring [6].

Differential INSAR (D-InSAR) [7] technology has rapidly developed based on
conventional INSAR. By performing interferometric analysis on two SAR images, it
can achieve millimeter-level accuracy in surface deformation detection. However, it is
easily affected by temporal and spatial decorrelation and atmospheric phase delays,
making it difficult to achieve stable long-term monitoring of subtle deformations. To
overcome the issue of decorrelation, Persistent Scatterer INSAR (PS-InSAR) [8]
and Small Baseline Subset INSAR (SBAS-InSAR) [9] techniques were subsequently
proposed to enhance the capability of long-term deformation monitoring. The PS-
INSAR technique achieves high-precision deformation monitoring by identifying
temporally stable scatterers (PS points), showing significant advantages in highly
coherent areas such as urban environments or bare ground surfaces, with monitoring
accuracy reaching the millimeter level. However, in regions characterized by dense
vegetation, extensive water bodies, or frequent surface changes, the interferomet-
ric phase is easily affected by complex scattering mechanisms, making it difficult
to identify a sufficient number of stable scatterers. This limits the effectiveness and
reliability of PS-InSAR results. In contrast, the SBAS-INSAR technique constructs
multiple small-baseline interferometric pairs and conducts time-series analysis,
allowing for the identification of pixels that maintain long-term coherence in complex
surface environments. This enables the extraction of more stable ground deformation
signals. Its multi-temporal characteristics contribute to noise suppression and accu-
racy improvement, making it more suitable and reliable than conventional D-InSAR in
areas with significant topographic variation and heterogeneous vegetation coverage.
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This approach has been extensively applied to the monitoring of landslide hazards [10,11], mining subsidence [12,13], and
urban ground subsidence [14,15]. Furthermore, numerous studies have demonstrated the feasibility of using INSAR tech-
nology for high-precision deformation monitoring of hydraulic structures and in complex geomorphological environments.
For instance, Zhou W et al. [16] conducted deformation monitoring of the Shuibuya Dam using ALOS PALSAR data, and
the results showed a high correlation of 0.92 between the INSAR-derived measurements and leveling data, confirming
the feasibility of applying INSAR technology in dam stability monitoring. Wosowski et al. [17] combined INSAR techniques
with COSMO-SkyMed imagery to monitor the Disueri earth dam and the Gela breakwater. Their results indicated that the
breakwater experienced a deformation rate of up to 40 mm/year during the period from 2011 to 2016, demonstrating the
potential of INSAR for long-term monitoring of dam and embankment deformation. In the same year, Emadali et al. [18]
analyzed the deformation of the Masjed-Soleyman Dam based on TerraSAR-X data. The results were consistent with field
observations in terms of subsidence trends, further validating the applicability of INSAR for monitoring dam deformation.
Awasthi et al. [19,20] employed the PS-InSAR technique to investigate surface deformation in the Himalayan foothill and
the city of Lucknow, India, systematically revealing the coupled relationships between surface deformation and factors
such as land use changes, excessive groundwater extraction, intense precipitation, and topographic undulations. Their
study highlighted the potential of INSAR technology for geological hazard identification and early warning. Varade et al.
[21] explored the application of differential interferometric phase and Sentinel-1 dual-polarization data in snow depth esti-
mation, demonstrating the adaptability and reliability of this technique in complex surface environments of plateau regions.
Although INSAR technology has been widely applied to deformation monitoring of revetment projects, dams, and vari-
ous complex geomorphic areas, the riverbanks of the Inner Mongolia section of the Yellow River are subjected to multiple
interacting factors, including freeze-thaw cycles, hydrodynamic erosion, and groundwater fluctuations, leading to diverse
and complex deformation mechanisms of both revetment structures and soils. Therefore, conducting INSAR-based defor-
mation monitoring is of great significance for revealing the spatiotemporal characteristics of riverbank deformation and
assessing potential risks. In this study, the SBAS-InSAR technique was applied to Sentinel-1 radar imagery to monitor
riverbank areas within 5 km on both sides of the Yellow River in the Inner Mongolia section, obtaining the spatiotemporal
distribution characteristics of surface deformation from 2021 to 2022. By integrating river channel migration information
extracted from Sentinel-2 optical imagery, representative river sections were identified for long-term deformation monitor-
ing. Additionally, a comprehensive deformation analysis was conducted for the Shisifenzi and Wenbuhao areas, covering
the period from 2018 to 2023. The monitoring results were evaluated and validated against leveling measurement data
to assess the accuracy and feasibility of SBAS-InSAR technology for riverbank deformation monitoring. This study pres-
ents a reliable technical approach for safety monitoring and hazard identification along the Yellow River, offering valuable
insights into riverbank stability assessment and disaster prevention.

2. Study area and data description
2.1. Study area overview

The Inner Mongolia section of the Yellow River is located at the northernmost part of the Yellow River Basin, spanning
from 37°30" to 41°50" N and 106°00’ to 113°00’ E. The main river channel runs approximately 830 km in length, entering
the Inner Mongolia Autonomous Region from Shizuishan in Ningxia and exiting at Hekou Town, south of the Wanjiazhai
Reservoir [22]. This river section flows through major geomorphological units such as the Loess Plateau, the Ordos
Plateau, and the Hetao Plain. Along the river, five major hydrological stations are distributed: Shizuishan, Bayangaole,
Sanhuhekou, Baotou, and Toudaoguai. Influenced by topography and channel morphology, the river section between
Shizuishan and Baotou exhibits pronounced channel migration and alternating erosion and deposition along the banks
[23]. This study selects two typical meander bends as monitoring areas: the Shisifenzi bend (40°17'39" N, 111°2'53"

E) and the Wenbuhao bend (40°17'30" N, 111°46'15" E), both located between the Baotou and Toudaoguai hydrologi-
cal stations (Fig 1). This segment of the river is predominantly sinuous, and both riverbanks are reinforced with gabion
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Fig 1. Overview of the study area. (a) Distribution of hydrological stations along the Inner Mongolia section of the Yellow River. (b) Coverage of
Sentinel-1 SAR imagery. (c) Location of the Shisifenzi area. (d) Location of the Wenbuhao area. The background imagery in panels (c) and (d) is based
on Sentinel-2 data provided by the Copernicus Data Space Ecosystem (CDSE, https://dataspace.copernicus.eu).

https://doi.org/10.1371/journal.pone.0339366.9001

revetments, which effectively restrict lateral channel migration and provide stable observation conditions for long-term
INSAR deformation monitoring. The region experiences an average annual precipitation of 150—-460 mm, with significant
interannual variability and uneven spatial and temporal distribution. Approximately 70% of the annual rainfall occurs
between July and September, with a decreasing gradient from southeast to northwest. The annual evaporation ranges
from 1,200-2,000 mm, far exceeding the precipitation, indicating an arid to semi-arid climate characterized by low rain-
fall, intense evaporation, and prolonged sunshine duration [1,24,25]. Seasonal changes are also distinct: temperatures
typically fall below freezing by mid-November and rise above freezing by mid-March, resulting in a freeze-thaw period of
about 130 days, classifying the region as a typical seasonally frozen soil area. The overall riverbank topography is rela-
tively flat, with slopes mainly ranging from 0° to 4° (Fig 2). The surface relief is minimal, which is favorable for maintaining
interferometric coherence, and also indicates that riverbank deformation is dominated by the vertical component, with
relatively minor influence from horizontal displacement. The riverbank soil mainly consists of silt and sand, primarily com-
posed of alluvium transported from the upstream Loess Plateau of the Yellow River. These are Quaternary unconsolidated
sediments with strong collapsibility [26]. In addition, the study area is a typical agricultural zone, where spring irrigation
heavily relies on Yellow River diversion and groundwater recharge. Due to the uneven spatial and temporal distribution of
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Fig 2. Climate and topographic conditions of the study area. (a) Temperature, (b) Precipitation, (c) Slope.

https://doi.org/10.1371/journal.pone.0339366.9002

water resources, groundwater levels fluctuate frequently during both the irrigation and freezing periods, significantly affect-
ing the stability of the riverbank soil.

2.2. Data sources

Atotal of 386 Sentinel-1 Single Look Complex (SLC) radar images were used in this study, covering track numbers 11,

84, and 113. These tracks encompass both sides of the Yellow River channel within a 5 km buffer zone along the Inner
Mongolia section. Due to the data availability of the Sentinel-1A satellite, only ascending orbit images can be obtained for
the study area. Although a single orbit direction cannot fully reconstruct three-dimensional deformation information, the rel-
atively gentle topography and the predominance of vertical subsidence and uplift along the riverbanks enable ascending
images to effectively capture the primary deformation patterns. Therefore, SAR imagery acquired between January 2021
and December 2022 was used to monitor deformation within the study area and to identify zones of significant surface
displacement. On this basis, a longer time span of imagery from April 2018 to April 2024 was further employed to conduct
time-series inversion in these areas, aiming to reveal the long-term deformation evolution.
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Topographic phase was removed using the Shuttle Radar Topography Mission Digital Elevation Model (SRTM-DEM)
with a spatial resolution of 30 m. Tropospheric delay effects were corrected using delay products provided by the Generic
Atmospheric Correction Online Service for INSAR (GACOS). The monthly mean precipitation data used in this study were
obtained from the National Earth System Science Data Center (https://www.geodata.cn). This dataset is derived from
global climate data and high-resolution climate records through spatial downscaling, with a spatial resolution of approxi-
mately 1 km, which can effectively represent the regional precipitation distribution characteristics of the study area. River
water level data were obtained from the Yellow River Conservancy Commission (http://www.yrcc.gov.cn). Leveling and
groundwater data were collected using settlement sensors and groundwater level meters deployed near the Shisifenzi
and Wenbuhao riverbanks. In addition, multispectral Sentinel-2 optical imagery was used to assist with land cover iden-
tification and to extract changes in riverbank boundaries. These data were obtained from the Copernicus Open Access
Hub (https://scihub.copernicus.eu), and the acquisition dates of the images are annotated in the figures for reference to
different stages of river channel morphology. All remote sensing and auxiliary data used in this study strictly comply with
the usage terms and policies of their respective providers, including the European Space Agency (ESA) Copernicus Open
Access Policy and the data usage agreements of national data service platforms.

3. Research methods

This study is based on ascending-pass Sentinel-1 SAR images and optical remote sensing data, and establishes a compre-
hensive technical framework for riverbank deformation monitoring and analysis in the Inner Mongolia section of the Yellow
River. First, LOS (line-of-sight) surface deformation data of the riverbanks in the study area are obtained using SBAS-
INSAR technology. Second, river channel boundaries are extracted from Sentinel-2 optical images using the MNDWI water
index, and the spatial correspondence between river morphology and riverbank deformation is analyzed. Finally, typical
river sections such as Shisifenzi and Wenbuhao are selected to analyze the spatiotemporal distribution characteristics of
riverbank time-series deformation, and the influencing mechanisms are discussed in combination with precipitation, river
water level, and groundwater level variations. The overall technical workflow of the study is shown in Fig 3.

3.1. Deformation monitoring of riverbanks based on time-series INSAR technology

SBAS-InSAR is a time-series interferometric SAR technique based on multiple master images. It reduces the effects of
spatiotemporal decorrelation by selecting interferometric pairs with small spatial and temporal baselines, and it retrieves
continuous deformation time series through least-squares inversion. Assuming that N+1 SAR images covering the same
area are acquired at times (t,t,,....,t,), radar image pairs are constructed based on spatiotemporal baseline thresholds to
generate M differential interferograms, where M satisfies:

N+1 N(N+1)

7 =M=—7 (1)

For the j-th unwrapped differential interferogram, the unwrapped phase of pixel (x,r) can be expressed as:

06j(x, 1) = B(ts, X, 1) = Blta, X, 1) & 667 (1) + 001 (3, 1) + 06 (X, ) + 6% (x, ) @)

where ¢ is the interferometric phase; t, and {, are the acquisition times of the master and slave images of the j-th interfer-
ogram, respectively; 5¢f°p°(x, r) is the phase caused by DEM errors; §¢j‘“s"(x, r) is the phase induced by surface deforma-
tion; 6(;5}"?‘"“ (x, r) is the atmospheric phase delay at ¢, and t.; and 6</>/f‘°'se(x, r) is the phase caused by noise.

From the obtained interferograms, equations are formulated to link the deformation variables at different acquisition
times with the corresponding differential interferometric phases, yielding M linear equations that can be expressed in
matrix form as:
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Fig 3. Workflow for riverbank deformation monitoring and analysis.
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5¢(x, 1) = Ad(X, ) )

where A is the Mx N coefficient matrix, and ¢(x, r) represents the unknown deformation phases at N time points for pixel
(x,r). When M=z N, the least-squares solution can be obtained as:

o(x1) = (ATA)AT36(x, 1 @)

When M <N, the system has infinitely many solutions. Singular Value Decomposition (SVD) is used to jointly solve multiple
small baselines, ultimately obtaining the cumulative deformation for each time step.

Based on the SBAS-InSAR principle described above, this study utilizes ascending-pass Sentinel-1 SAR data in combi-
nation with the open-source platforms Sentinel Application Platform (SNAP) and the StaMPS toolbox to monitor riverbank
deformation in the Inner Mongolia section of the Yellow River. The data used are VV-polarized products, which, compared
to VH polarization, offer higher backscattering intensity and interferometric coherence. VV polarization performs more
stably in areas with relatively flat terrain, sparse vegetation cover, or near riverbanks and water bodies, making it more
suitable for surface deformation monitoring. Interferogram preprocessing is conducted in SNAP, including orbit correction,
image co-registration, interferogram generation, and removal of topographic phase using the SRTM DEM. To improve
the signal-to-noise ratio, Goldstein filtering and 4 x 1 multilooking were applied. The temporal baseline of interferomet-
ric pairs was constrained within 120 days, while the spatial baseline was limited to 2% of the critical baseline (approxi-
mately 150 m), less than 3 m, in order to balance high coherence with sensitivity to seasonal deformation. A total of 499
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interferograms were generated, covering Tracks 11, 84, and 113. The interferogram network and its temporal-spatial base-
line distribution are shown in Fig 3, illustrating the connections among different SAR acquisitions in both time and space.
During coherence screening, a threshold of 0.4 was adopted to ensure sufficient coverage of monitoring points and
the spatial continuity of the time-series results. This threshold effectively removes low-quality interferometric points while
retaining an adequate number of pixels, thereby reducing uncertainties introduced by noise and unwrapping errors.
Since interferometric phases are wrapped within the range of [-Tt, 1], phase unwrapping was required to reconstruct a
continuous phase field. Accordingly, the Minimum Cost Flow (MCF) algorithm in SNAP was employed. The MCF method
performs more stably in low-coherence regions (e.g., areas with vegetation cover or near rivers) and reduces phase
jump errors compared with least-squares unwrapping. Combined with coherence thresholding, this approach enhances
unwrapping accuracy and success rates under complex surface conditions. The unwrapped results were imported into
StaMPS for time-series inversion, and tropospheric delay corrections were performed using GACOS atmospheric prod-
ucts, effectively suppressing long-wavelength atmospheric artifacts Fig 4. Finally, the least-squares method combined with
Singular Value Decomposition (SVD) is applied to extract the deformation time series and the average line-of-sight (LOS)
deformation velocity, enabling stable and accurate deformation monitoring [27-29].

3.2. Surface feature recognition based on optical imagery

The riverbanks of the Inner Mongolia section of the Yellow River exhibit diverse land use types, including farmland,
grassland, and construction land. To investigate the causes of deformation, INSAR monitoring results are projected onto
Sentinel-2 optical imagery. By integrating land use classification, topographic characteristics, and the normalized differ-
ence vegetation index (NDVI), a comprehensive analysis is conducted to determine the location and underlying causes of
the deformation. If the deformation areas are characterized by sparse vegetation cover and align with natural factors such
as riverbank erosion, groundwater level fluctuations, and soil compaction, the deformation is likely to be of natural origin.
Conversely, deformation occurring in regions designated as construction land or agricultural fields is more likely to be
induced by human activities.

3.3. Riverbank boundary extraction using the water index method

Extracting water bodies and subsequently converting them into boundaries is the mainstream approach for delineating
water body boundaries, with the water index method being the most effective. This method establishes mathematical
relationships between different spectral bands of water bodies to extract water information [30]. It is widely used due

to its simplicity and its ability to suppress non-water features in remote sensing images while enhancing water-related
information for more accurate extraction. Several commonly used water indices include the normalized difference water
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index (NDWI), the modified normalized difference water index (MNDWI), and the enhanced water index (EWI) [31-33]. To
reduce the impact of image shadows caused by steep riverbanks in certain sections, MNDWI is adopted in this study. It is
calculated using the following formula:

MNDWI = (Green—SWIR)/ (Green + SWIR) (5)

where Green represents the green spectral band, and SWIR represents the shortwave infrared band, corresponding to
band 3 and band 11 of Sentinel-2 data, respectively.

For water boundary extraction using the water index method, SNAP software is employed for preprocessing remote
sensing images, including band composition, radiometric calibration, atmospheric correction, and image cropping. The
MNDWI image is generated through band computation, and the histogram bimodal method is applied to determine the
threshold for extracting river channel boundaries. However, due to the relatively low resolution of the selected images and
the narrow river width in the study area, mixed pixels may affect the accuracy of detailed boundary extraction. To address
this issue, a manual visual interpretation approach is adopted to refine the extracted water boundaries. The correction
process strictly follows the principle of using a smooth curve to connect the center points of mixed pixels at the interface
between water and adjacent land features, ensuring an accurate representation of the river morphology in the study area.

4. Results and analysis
4.1. Detection of large-scale riverbank deformation areas

The Inner Mongolia section of the Yellow River was divided into five segments (R1 to R5) based on the distribution of
hydrological stations. As shown in Fig 5, the overall riverbank deformation remains stable; however, significant variations
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Fig 5. Spatiotemporal distribution of riverbank deformation in the Inner Mongolia section of the Yellow River from 2021 to 2022. The back-
ground imagery is based on Sentinel-2 cloudless data (2023) provided by EOX and the Copernicus Data Space Ecosystem (CDSE, https://dataspace.
copernicus.eu).

https://doi.org/10.1371/journal.pone.0339366.9005
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exist among different segments. The R1 segment is a straight river section with relatively slow water flow. Severe desert-
ification is observed on both sides of the riverbanks, and the deformation primarily ranges between —30mm and 30 mm,
indicating overall stability. The R2 segment is a braided river section where water flow is dispersed, but localized erosion
is intense. Due to agricultural irrigation activities, significant deformation is concentrated in three locations (a, b, and c),
covering a wide area with deformation rates exceeding 55 mm/year. Additionally, frequent river channel shifts lead to
significant decorrelation, affecting the completeness and accuracy of deformation monitoring. The R3 segment represents
a transitional river type, exhibiting characteristics between braided and meandering rivers. Notable deformation is concen-
trated in curved riverbanks and adjacent farmland areas (d and e), primarily driven by water flow erosion and human activ-
ities such as farmland irrigation. The R4 section is a meandering river reach where the riverbank exhibits an overall uplift
trend, with deformation magnitudes mainly ranging between 30 and 90 mm. The uplift is likely related to seasonal frost
heave and groundwater fluctuations. However, in local areas such as points f and g, subsidence deformation is observed
due to factors including river bend scouring and instability of embankment structures. The R5 segment, characterized as a
straight river reach with mountainous terrain on both banks, showed only minor overall deformation. However, three zones
of substantial subsidence were identified. Sentinel-2 optical imagery revealed that these areas were terraced fields, where
heavy rainfall and agricultural activities likely contributed to the pronounced deformation, with the maximum observed
subsidence reaching 174 mm.

As shown in Fig 6, the SBAS-InSAR technique identified a total of 1,677,377 monitoring points for deformation analysis
in the Inner Mongolia section of the Yellow River. Among them, 96.5% of the points exhibit deformation rates ranging from
-30mm/a to 30 mm/a, indicating that the riverbanks in this section remain largely stable. However, 3.5% of the monitoring
points show significant deformation, primarily concentrated in the R2, R3, and R4 segments. The formation of these signif-
icant deformation areas is influenced by multiple factors, including river morphology changes, localized hydraulic erosion,
agricultural irrigation activities, and freeze-thaw cycles. These factors interact differently across various river segments,
leading to variations in the causes and characteristics of deformation in different regions.

4.2. Characteristics of river channel boundary changes

In this study, the 2021 river channel was used as the baseline, and the river centerline was extracted and equally divided.
Based on the center points of each segment, 72 cross-sections were established at equal intervals using Thiessen poly-
gons, numbered S1 to S72, with a spacing of 10 km. Sentinel-2 imagery from 2021 to 2023 was selected for analysis, with
a spatial resolution of 30 m and cloud coverage below 10%. To accurately observe the mainstream shifting trends, images
from April and May, after the freeze-thaw period, were used to extract the main river channel locations. During this period,
water levels are at their lowest, effectively minimizing the interference of seasonal and short-term water level fluctuations.
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Fig 6. Deformation rate statistics of monitoring points.
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Fig 7 demonstrates significant variations in river channel migration characteristics across different reaches of the Inner
Mongolia section of the Yellow River.The R1 and R2 segments experience frequent channel migration, with numerous
mid-channel bars and significant sediment deposition. Water level fluctuations cause frequent shifts in the riverbank
boundaries, significantly increasing the difficulty of deformation monitoring. The R3 segment exhibits well-developed
meanders, with an increasing number of river bends, representing a transitional river morphology. The river channel
shows a high degree of lateral movement, and lateral erosion is particularly evident. The R4 river segment is located
between Baotou City and the Toudaoguai Hydrological Station. In this area, river regulation and bank protection works
are relatively well-developed [23], resulting in reduced lateral channel migration and minimal changes in the riverbank.
Therefore, this segment is suitable as a primary area for long-term monitoring of riverbank surface deformation character-
istics. The R5 segment has shown no significant morphological changes, with minimal river movement, indicating overall
stability.

To analyze the relationship between channel migration and riverbank deformation, the annual average channel migra-
tion area, the annual average absolute riverbank deformation, and the proportion of monitoring points with deformation
exceeding 30mm (GT30%) were calculated for river segments S1-S72 of the Inner Mongolia section of the Yellow River
from 2021 to 2023, as shown in Fig 8. During this period, segments R1, R2, and R3 exhibited relatively large migration
amplitudes, with migration areas generally exceeding 0.3 km?. The R2 segment was the most pronounced, with a maxi-
mum migration area exceeding 1.2 km? and a GT30% over 30%. This segment is located in a typical irrigation area within
the Hetao Irrigation District, where multiple factors such as irrigation water diversion, groundwater level fluctuations, and
flood-season scouring contribute to a relatively loose bank slope structure and evident deformation. Segment R3 also
showed strong migration and deformation trends, likely related to channel curvature and localized scouring. Although
segment R1 exhibited considerable migration amplitude, its bank slope mainly consists of bedrock with strong resistance
to disturbance, resulting in relatively small deformation [23].

Correlation analysis results indicate that the linear relationship between river migration area and riverbank deforma-
tion indices is weak (with mean absolute deformation: R?=0.10, P<0.01; with GT30%: R?=0.088, P<0.05), suggesting
that river migration amplitude is not the primary controlling factor of riverbank deformation. Polynomial regression results
reveal more pronounced quadratic or cubic relationships (R? increased to approximately 0.4—0.5) in certain sections,
indicating that the influence of river migration on bank deformation exhibits complex nonlinear characteristics rather than a
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Fig 7. Distribution of river channels and their local characteristics from 2021 to 2023.
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simple linear response. In some reaches, the spatial coincidence between river channel migration boundaries and signifi-
cant deformation zones detected by INSAR suggests that river migration may still play an important role at the local scale.
In contrast, a strong correlation was observed between the mean absolute deformation and GT30% (R?=0.92, P<0.01),
implying that as local deformation magnitude increases, the proportion of large-deformation points also rises correspond-
ingly. Therefore, the R4 reach, where the channel migration is relatively stable but the bank deformation is significant, was
selected as the primary monitoring section to avoid the interference caused by large-scale channel migration and to better
reveal the temporal evolution characteristics of riverbank deformation.

4.3. Time-series analysis of typical riverbank deformation

4.3.1. Analysis of riverbank deformation characteristics. The Inner Mongolia section of the Yellow River is a typical
seasonal permafrost river, where riverbank deformation mainly occurs during the flood season (July to October) and the
freeze-thaw period (November to April of the following year), as supported by previous studies and field investigations.
Fig 9 presents the riverbank surface deformation in the Shisifenzi and Wenbuhao areas during these two critical periods
from 2018 to 2024. In the figure, white areas indicate decorrelation regions, which result from reduced coherence due
to factors such as topography, vegetation coverage, and water bodies. The time-series deformation maps reveal that
the riverbanks in Shisifenzi exhibit a pattern of overall uplift with localized subsidence. The uplifted areas are mainly
concentrated southwest of Guanniuju Village, where deformation has evolved from localized uplift points to a continuous
uplift zone of approximately 4.8 km? by 2024, with a maximum cumulative deformation of 125 mm. Meanwhile, subsidence
is mainly observed in the bends of the riverbank, particularly at the river meander crest in Shisifenzi and along the
embankments near Guanniuju Village. Based on the analysis of meteorological and hydrological data, the subsidence
process is likely influenced by a combination of factors, including collapsible settlement caused by heavy rainfall,
consolidation due to groundwater level decline, and fluvial erosion along the riverbank. In the Wenbuhao area, surface
deformation of the riverbank is dominated by uplift, which is mainly concentrated in the northwestern region and covers
a relatively large area, though the significantly uplifted zones are scattered. In 2019, the riverbank exhibited an overall
upward trend, while most areas maintained a dynamic balance between uplift and subsidence throughout the year. The
northwestern region showed a continuously stable uplift trend, which developed into a pronounced uplift zone by August
2021, with the maximum uplift reaching 87 mm. Subsidence areas were mainly distributed in the central and eastern
parts, with a maximum value of 92mm. Subsidence was particularly pronounced along the outer bends of the river and in
sections affected by erosion, where local subsidence exceeded 45mm.
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Fig 10 presents the deformation rate distribution in the study area from 2018 to 2024. Based on the average LOS defor-
mation rate analysis, areas with an absolute deformation rate of less than 10 mm/a were classified as stable regions, while
areas with an absolute deformation rate greater than 10 mm/a were identified as significant deformation regions. Accord-
ing to the clustering characteristics of deformation points, the significant deformation areas in the Shisifenzi region were
labeled A1 to A6, while those in the Wenbuhao region were labeled B1 to B3. In the Shisifenzi region, the annual average
deformation rate ranged from -20.1 mm/a to 24.8 mm/a. The A1 and A2 areas, located at the meander crest of Shisifenzi,
experience rapid water flow and a constricted river channel, leading to significant bank subsidence, with an average
subsidence rate of 15.1 mm/a and 10.2mm/a, respectively. The A3 area, positioned on the right riverbank near Guanniuju
Village, exhibits a subsidence zone extending approximately 2.6 km, where frequent water scouring has caused notable
bank settlement, with an average subsidence rate of 11.7mm/a. The A4 area, near Shisifenzi Village, recorded the highest
subsidence rate of 15.2mm/a. In contrast, the A5 and A6 areas display large-scale uplift, with deformation rates ranging
from 12.1 mm/a to 24.8 mm/a, forming a spatially continuous uplift zone. Unlike the other areas, A4, A5, and A6 are far
from the riverbank and located in agricultural zones, where hydraulic influences are minimal. The significant deformation
in these areas is likely closely related to groundwater level fluctuations and agricultural activities. In the Wenbuhao region,
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Fig 10. Line of sight (LOS) deformation rate map of study area in 2018-2024. (a) Shisifenzi area. (b) Wenbuhao area.
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the annual average deformation rate ranged from —-18.7 mm/a to 19.5mm/a. The B1 area, located at the riverbank bound-
ary, exhibits notable uplift, with an average uplift rate of 16.7 mm/a. The B2 area experiences large-scale subsidence, with
a maximum subsidence rate of 14.9mm/a. The B3 area, situated within a birch forest on the concave bank of the river,
demonstrates a gradual annual subsidence trend. Although vegetation root systems enhance riverbank stability [34], the
combined effects of water erosion and freeze-thaw cycles have resulted in progressive surface subsidence, with a subsid-
ence rate of approximately —13.5mm/a. Overall, the subsidence and uplift patterns shown in Fig 10 exhibit clear spatial
heterogeneity. Areas near the outer edges of river bends (A1, A2, A3, and B3) are significantly influenced by fluvial ero-
sion. Hydrodynamic disturbances in these zones often lead to reduced slope stability and shallow soil compaction-induced
subsidence, which may not be fully mitigated by vegetation cover or engineered embankments. In contrast, the notable
uplift areas located farther from the river channel (A4, A5, A6, and B2) are mostly situated within agricultural zones. Defor-
mation in these areas may be associated with seasonal fluctuations in groundwater levels, frost heave effects induced by
irrigation, or farmland backfilling activities.

4.3.2. Time-series deformation characteristics of feature points. In areas exhibiting significant deformation,
representative points with deformation rates close to the regional average and high temporal coherence were selected
for time-series deformation analysis. The cumulative deformation of these feature points in the Shisifenzi and Wenbuhao
regions is shown in Fig 11. The results indicate that riverbank surface deformation exhibits an alternating pattern of uplift
and subsidence, characterized by seasonal variability and abrupt changes. From December to March each year, the
deformation areas generally show an uplift trend, whereas during the melting period from March to April and the heavy
rainfall months from June to August, the subsidence rate increases significantly. Based on the deformation patterns, the
deformation process can be categorized into relatively stable periods and abrupt change periods. Stable periods are
characterized by continuous and steady deformation rates or periodic variations, whereas abrupt change periods are
marked by a sudden acceleration in deformation rate and a significant increase in deformation magnitude.

As shown in Fig 11, the maximum cumulative deformation at feature points in the A1-A6 areas was -77.8 mm,
-48.6 mm, -61.3mm, -72.6 mm, 109.3mm, and 90 mm, respectively. Among them, A1-A4 are subsidence zones, where
rapid subsidence occurred from March 2020 to October 2020, with a total subsidence exceeding 30 mm in each location.
Based on meteorological data analysis, precipitation from July to September 2020 was significantly above average, and
the accelerated subsidence during this period coincided temporally with extreme rainfall events. Considering that no large-
scale geological activity or engineering disturbances occurred in the area during this anomalous period, the subsidence
is inferred to have been primarily driven by thaw-induced soil settlement resulting from spring ice-water phase changes,
as well as increased pore water pressure and collapsible soil compression caused by intense autumn rainfall. In con-
trast, the A5 and A6 regions did not exhibit significant subsidence during the same period, maintaining a relatively stable
uplift trend. During the relatively stable period, the A2 area initially showed a stable deformation trend, but gradual uplift
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Fig 11. Cumulative deformation curve of feature points. (a) Shisifenzi area. (b) Wenbuhao area.
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was observed starting in October 2022. The remaining three subsidence areas displayed similar trends, characterized

by gradual and continuous subsidence. For the B1-B3 areas, the maximum cumulative deformation reached —68.1 mm,
—=73.7mm, and —56.4 mm, respectively. The B1 region is dominated by uplift, with cumulative deformation showing a grad-
ually increasing trend. Two pronounced fluctuations, each with an amplitude of approximately 23 mm, occurred around
April 2021 and June 2023. Both events coincided with periods of rapid springtime river water level rise and freeze-thaw
transitions, and are therefore inferred to be closely related to abrupt increases in river water levels and rapid changes

in soil moisture conditions. The B2 area exhibited relatively stable deformation, following a consistent subsidence trend.
In the B3 area, deformation was initially minor, but between February 2020 and May 2021, subsidence was most pro-
nounced, with a total settlement of 44 mm. After 2023, the subsidence rate gradually decreased.

4.4. Accuracy assessment and validation

To verify the reliability of INSAR technology for riverbank deformation monitoring, three settlement pressure sensors were
installed near the riverbank boundary in both the Shisifenzi and Wenbuhao areas, with an approximate spacing of 50 meters
between sensors. These sensors were used to more accurately capture localized surface subsidence characteristics. The
selection of leveling benchmarks was based on the INSAR monitoring results from 2021-2022 and field investigations.
Priority was given to relatively stable riverbank sections located in meandering areas less affected by water flow erosion,

in order to ensure the representativeness and safety of the monitoring data. The coordinates of the central leveling point in
the Shisifenzi area are 111°2'46.2"E, 40°17'39.9"N, and those in the Wenbuhao area are 110°46'14.9"E, 40°17'30.5"N, as
shown in Fig 1. Since only ascending orbit data from Sentinel-1 were available in this study, it was not possible to derive the
full 3D displacement components through orbit combination. Therefore, it was assumed that the surface deformation in the
study area occurred primarily in the vertical direction. Based on this assumption, the LOS (line-of-sight) displacements were
projected onto the vertical direction for comparison with leveling measurements. The leveling measurements were conducted
from October 2023 to March 2024, during which radar images from the same period were selected, resulting in a total of

84 monitoring data points. As shown in Fig 12, the mean and standard deviation of the differences between the cumulative
settlement values obtained from INSAR monitoring and leveling measurements were 0.84 mm and 1.16 mm, respectively.
The distribution of these differences approximately follows a normal distribution. A linear regression analysis was performed
between the leveling measurements and INSAR monitoring results, revealing a significant linear correlation, with a coefficient
of determination (R?) of 0.754 and a root mean square error (RMSE) of 1.11 mm. The strong agreement between the two
methods confirms the reliability and consistency of INSAR monitoring for riverbank deformation.
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Fig 12. Distribution of cumulative settlement differences and linear relationship. (a) Difference distribution. (b) Linear relationship.
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To further quantify the uncertainty in surface deformation rate estimates, this study takes the Shisifenzi area as exam-
ple and conducts a statistical analysis of the root mean square error (RMSE) of time-series residuals at monitoring points
within the study area. RMSE reflects the degree of dispersion of residuals in the time-series deformation data. A smaller
RMSE value indicates a higher consistency between the deformation time series and the model fitting, implying more
reliable inversion results.

As shown in Fig 13, the RMSE values across the study area range from 0.67 to 4.20 mm, with a generally uniform
spatial distribution. In areas with stable surface conditions, such as river embankments and villages, the RMSE values
are generally low, indicating high signal-to-noise ratios in the interferograms and stable time-series inversion results. In
contrast, higher RMSE values are observed in regions with significant vegetation variation or proximity to water bodies,
where radar signals are more susceptible to interference. This is consistent with the commonly observed reduction in
INSAR accuracy under complex surface conditions. The RMSE histogram indicates an approximately normal distribution,
with more than 95% of the monitoring points exhibiting RMSE values below 1.28 mm and a regional average of 2.12mm.
These results demonstrate the high internal consistency of the deformation time series obtained in this study. In addition,
external accuracy validation using leveling measurements further confirms the reliability and methodological adaptability
of the SBAS-INSAR technique for monitoring surface deformation in riverbank areas.

5. Discussion
5.1. Analysis of the impact of vegetation cover on INSAR coherence

Vegetation cover is a critical factor affecting INSAR coherence, particularly in farmland areas and densely vegetated
riverbanks. To assess the extent to which vegetation influences deformation monitoring, images from periods of high
vegetation cover (flood season) and low vegetation cover (winter) were selected. The Normalized Difference Vegetation
Index (NDVI) was computed and compared with INSAR coherence maps from the same periods, as shown in Fig 14. On
August 16, 2023, the NDVI values of the riverbanks in the study area were generally above 0.4, with some areas reaching
0.6. However, INSAR coherence remained above 0.5 in most regions, with only a slight decrease in certain farmland areas
with high NDVI values. By November 24, 2023, as vegetation withered, NDVI values dropped below 0.3, and coherence
significantly increased. This comparative validation indicates that, although vegetation cover can locally interfere with
coherence, its overall impact is limited. In particular, in relatively flat riverbank areas with uniform vegetation types, the
effect of vegetation on deformation monitoring is minimal.
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Fig 13. Spatial distribution and statistical histogram of RMSE in the study area. (a) Spatial distribution map. (b) Statistical histogram.
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5.2. Analysis of deformation causes

5.2.1. Relationship between riverbank deformation and precipitation. Precipitation is an important factor
influencing riverbank surface deformation. Intense rainfall can significantly alter soil moisture conditions, reduce its
cohesion and shear strength, and may lead to increased pore water pressure, resulting in soil consolidation or collapsible
settlement [35]. At the same time, surface runoff can accelerate the erosion of topsoil in localized areas, weakening
slope stability and thereby increasing the risk of local collapse or subsidence [36]. As shown in Fig 15, the maximum
monthly cumulative precipitation in the Shisifenzi area reaches approximately 155mm, while in most months, precipitation
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Fig 15. Relationship between settlement feature points and precipitation.
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remains below 30 mm. Analysis of the cumulative precipitation data from 2018 to 2024 and the cumulative settlement of
representative points indicates that when monthly precipitation is below 50 mm, rainfall mainly affects the moisture content
of surface soils, with limited particle swelling, and has little impact on the overall deformation trend. During the flood
season from July to September, precipitation increases significantly, and in certain years (e.g., 2018, 2020, and 2023),
extreme rainfall events correspond closely with abrupt increases in settlement rates in the A1-A3 regions. This suggests
that short-term heavy rainfall may trigger rapid soil consolidation and collapsible settlement, leading to the formation of
sudden deformation periods. In the A5 and A6 regions, which show a sustained uplift trend, settlement also occurs during
heavy rainfall, likely related to foundation consolidation, collapsible soil behavior, and changes in pore water pressure
induced by rainfall infiltration. Since the study area is predominantly characterized by gentle slopes and plains, rainfall-
induced surface deformation mainly manifests as vertical settlement. Although some slope areas may present a risk of
lateral movement, most riverbanks have been engineered for protection, so the primary deformation remains vertical
settlement, with lateral displacement having a relatively minor effect.

5.2.2. Relationship between riverbank deformation and water levels. In the Shisifenzi area, strong solar radiation
leads to high surface water evaporation, and natural precipitation during the agricultural season is limited. Consequently,
local farmland production heavily depends on irrigation from the Yellow River and groundwater recharge, making the
coupling between groundwater levels and river stage a critical factor influencing riverbank deformation. Groundwater
level data were obtained from piezometers installed at the meander crest in Shisifenzi, while river water level data were
collected from the Toudaoguai hydrological station, located 5 km downstream of the meander crest. As shown in Fig
16, due to topographic differences, the groundwater level at the meander crest is approximately 1.41 m higher than the
river water level recorded at the hydrological station. However, the overall variation trends of both water levels remain
highly consistent. Each year, both groundwater and river water levels peak at approximately 989.3 m in early January,
followed by a rapid decline to 988.2 m by mid-March, after which they stabilize for an extended period. The fluctuations
in groundwater levels are primarily influenced by river water level changes. When river water levels are low, groundwater
from the riverbank slope flows into the river as discharge. Conversely, when river water levels rise, the river provides
lateral moisture recharge to the riverbank slope. Therefore, their temporal fluctuation patterns remain highly synchronized.

Building on the water level relationship established in Fig 16,17 further analyzes the relationship between riverbank
deformation and groundwater levels from April 2018 to April 2024. Groundwater levels at the river bend crest were esti-
mated over a long-term period using river stage data from the Toudaoguai Hydrological Station, with A1 (convex bank
near the water side), A2 (concave bank scouring section), and A4 (farmland approximately 1.2 km from the river) selected
as representative monitoring points. In the Shisifenzi area, groundwater exhibits distinct seasonal patterns. Each winter
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Fig 17. Relationship between cumulative deformation of characteristic points and water level changes.
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(November to April), groundwater levels rise to an average of 990.7 m. The combination of high water levels and soil
freezing increases soil moisture, resulting in seasonal frost heave and a gradual uplift trend. During the spring thaw and
water level recession, soil structure softens and moisture content decreases, causing local subsidence. This phenomenon
is particularly pronounced in the A1 and A2 areas near the river, where the deformation magnitude is relatively large. In
contrast, the A4 area, located farther from the river, shows smaller overall deformation; however, significant changes are
still observed during some high-water periods, which may be associated with agricultural irrigation or long-term fluctua-
tions in groundwater levels.

5.3. Applicability analysis of the research method

In recent years, SBAS-InSAR technology has achieved significant advancements in various fields, including landslide
monitoring, urban subsidence, thaw settlement in permafrost regions (e.g., the Tibetan Plateau), and hydraulic engineer-
ing projects (e.g., reservoirs and breakwaters), owing to its large-scale coverage and high precision. However, research
on seasonally frozen soil riverbank deformation remains relatively limited. Unlike permafrost regions, where deformation
is primarily controlled by thaw settlement [37,38], riverbanks in seasonally frozen regions experience annual freeze-thaw
cycles and are influenced by vegetation cover changes, fluvial erosion, and groundwater level fluctuations, making the
deformation mechanisms more complex and the monitoring process more challenging. This study applies SBAS-INSAR
technology to monitor riverbank deformation along the Inner Mongolia section of the Yellow River. The Sentinel-1A data
were validated against leveling measurements, confirming the reliability of SBAS-INSAR in complex environments and
providing a new technical perspective for riverbank disaster prevention and mitigation.

Although the study results show good agreement with leveling measurements, demonstrating the reliability of SBAS-
INSAR for riverbank deformation monitoring, certain limitations must still be acknowledged. First, due to the availability
of open Sentinel-1A data, only ascending-track images could be obtained in the study area, making it difficult to perform
ascending-descending track joint inversion. This limits the recovery and directional interpretation of the full 3D deformation
field. Although the study area is generally flat, and single-geometry observations can adequately reflect the primary verti-
cal deformation, constraints on potential horizontal displacement are lacking, restricting a comprehensive reconstruction
and interpretation of the 3D deformation field. Second, integration of multi-source data remains limited. This study primar-
ily relies on medium-resolution C-band Sentinel-1 SAR images (approximately 10—20 m) for large-scale time-series moni-
toring, combined with precipitation and river stage data to explore the relationship between external environmental factors
and riverbank deformation. These auxiliary data are currently used mainly for qualitative analysis; systematic quantitative
modeling and validation of the spatiotemporal relationships between precipitation and subsidence rates, as well as the
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lag effects of water level fluctuations on bank deformation, are still lacking. This limitation restricts deeper insights into the
driving mechanisms of deformation. Future studies could incorporate high-spatial-resolution radar data (e.g., TerraSAR-X
with a resolution of 1-3 m) and ascending-descending track imagery to improve monitoring precision and enhance the
identification of deformation characteristics.

In addition, the surrounding area of the study region is a typical agricultural zone, where activities such as irrigation
from the Yellow River, channel excavation, and other sudden human activities may trigger local nonlinear or abrupt
surface deformations. Currently, the primary method for identifying such activities relies on visual interpretation of optical
imagery, which has limited quantification ability and makes it difficult to precisely quantify the impact of human distur-
bances. Future research could utilize Sentinel-2 optical imagery to extract NDVI indices and land use classification maps,
preliminarily delineating the boundaries of agricultural activities. Furthermore, by combining SAR intensity and phase
information with machine learning and other intelligent recognition methods, automated extraction of features such as
irrigation canal networks and agricultural construction areas could be achieved, providing more detailed data support for
the analysis of riverbank deformation mechanisms.

From a practical perspective, the significant deformation river segments identified in this study (e.g., R2, R3, and R4)
can serve as priority areas for riverbank reinforcement and hydraulic engineering protection. The results provide data
support for flood prevention and disaster mitigation, riverbank ecological restoration, and agricultural irrigation planning,
while also offering a scientific basis for local authorities to formulate riverbank management and risk control policies. In
the future, a riverbank deformation early-warning system could be established based on INSAR time-series monitoring,
enabling the translation of monitoring research into engineering and policy applications.

6. Conclusions

This study systematically monitored riverbank surface deformation along the Inner Mongolia section of the Yellow River
using SBAS-InSAR, identified the major deformation areas and their spatiotemporal distribution, and verified the appli-
cability and reliability of this technique under complex permafrost-region terrain conditions. The results indicate that
InSAR-based monitoring is highly reliable in permafrost regions with complex geomorphology and can effectively reveal
the spatiotemporal heterogeneity of riverbank surface deformation. Although the overall riverbanks in the study area are
relatively stable, significant differences exist among different river segments. River channel migration exhibits a spa-
tially positive correlation with slope deformation, with variations mainly influenced by riverbank soil composition and its
physical-mechanical properties. Under the combined effects of freeze-thaw cycles and flood-season water flow, uplift
primarily occurs in cultivated areas distant from the river, whereas subsidence is concentrated in regions subject to
strong flow erosion. In addition, riverbank deformation is mainly controlled by groundwater level fluctuations; while minor
precipitation has limited influence, extreme rainfall events may exacerbate subsidence risks. In summary, SBAS-InSAR
demonstrates high reliability for monitoring riverbank deformation in permafrost regions, providing theoretical support and
technical guidance for risk assessment, disaster early warning, and mitigation planning for riverside levees. In particular,
under the context of frequent extreme climate events, this study contributes to the identification of potential high-risk sec-
tions and enhances flood prevention and disaster mitigation capabilities along the riverbanks.

Author contributions

Conceptualization: Yuxin Mao.

Data curation: Yuxin Mao, Honglan Ji.
Formal analysis: Yuxin Mao, Zhen Yang.
Funding acquisition: Yuxin Mao, Honglan Ji.
Investigation: Yuxin Mao, Zhen Yang.

PLOS One | https://doi.org/10.137 1/journal.pone.0339366 December 26, 2025 20/22




PLO\Sﬁ\\.- One

Methodology: Yuxin Mao, Zhen Yang.

Software: Yuxin Mao.

Writing — original draft: Yuxin Mao.

Writing — review & editing: Yuxin Mao, Honglan Ji, Zhen Yang.

References
1. Yang Z, Mou X, Ji H, Liang Z, Zhang J. Effects of freeze-thaw on bank soil mechanical properties and bank stability. Sci Rep. 2024;14(1):9808.
https://doi.org/10.1038/s41598-024-60698-z PMID: 38684836
2. Kondolf GM, Schmitt RJP, Carling P, Darby S, Arias M, Bizzi S, et al. Changing sediment budget of the Mekong: Cumulative threats and manage-
ment strategies for a large river basin. Sci Total Environ. 2018;625:114—34. https://doi.org/10.1016/j.scitotenv.2017.11.361 PMID: 29288998
3. Marcus WA, Fonstad MA. Remote sensing of rivers: the emergence of a subdiscipline in the river sciences. Earth Surf Processes Landf.
2010;35(15):1867—72. https://doi.org/10.1002/esp.2094
4. Scherer D, Schwatke C, Dettmering D, Seitz F. Long-Term Discharge Estimation for the Lower Mississippi River Using Satellite Altimetry and
Remote Sensing Images. Remote Sensing. 2020;12(17):2693. https://doi.org/10.3390/rs12172693
5. Bilrgmann R, Rosen PA, Fielding EJ. Synthetic Aperture Radar Interferometry to Measure Earth’s Surface Topography and Its Deformation. Annu
Rev Earth Planet Sci. 2000;28(1):169-209. https://doi.org/10.1146/annurev.earth.28.1.169
6. Ferretti A, Fumagalli A, Novali F, Prati C, Rocca F, Rucci A. A New Algorithm for Processing Interferometric Data-Stacks: SqueeSAR. IEEE Trans
Geosci Remote Sensing. 2011;49(9):3460-70. https://doi.org/10.1109/tgrs.2011.2124465
7. De Corso T, Mignone L, Sebastianelli A, del Rosso MP, Yost C, Ciampa E, et al. Application of Dinsar Technique to High Coherence Satellite
Images for Strategic Infrastructure Monitoring. In: IGARSS 2020 - 2020 IEEE International Geoscience and Remote Sensing Symposium, 2020.
4235-8. https://doi.org/10.1109/igarss39084.2020.9323810
8. Ferretti A, Prati C, Rocca F. Permanent scatterers in SAR interferometry. IEEE Trans Geosci Remote Sensing. 2001;39(1):8-20. https://doi.
0rg/10.1109/36.898661
9. Berardino P, Fornaro G, Lanari R, Sansosti E. A new algorithm for surface deformation monitoring based on small baseline differential SAR interfer-
ograms. |IEEE Trans Geosci Remote Sensing. 2002;40(11):2375-83. https://doi.org/10.1109/tgrs.2002.803792
10. Yao J, Zhan R, Guo J, Wang W, Yuan M, Li G, et al. Evolutionary analysis of slope direction deformation in the Gaojiawan landslide based on
time-series INSAR and Kalman filtering. PLoS One. 2024;19(12):e0316100. https://doi.org/10.1371/journal.pone.0316100 PMID: 39739968
11. Desai VD, Fazelpour F, Handwerger AL, Daniels KE. Forecasting landslides using community detection on geophysical satellite data. Phys Rev E.
2023;108(1-1):014901. https://doi.org/10.1103/PhysRevE.108.014901 PMID: 37583216
12. Diao X, Wu K, Zhou D, Wang J, Duan Z, Yu Z. Combining subsidence theory and slope stability analysis method for building damage assessment
in mountainous mining subsidence regions. PLoS One. 2019;14(2):e0210021. https://doi.org/10.1371/journal.pone.0210021 PMID: 30726213
13. Das S, Priyadarshana A, Grebby S. Monitoring the risk of a tailings dam collapse through spectral analysis of satellite INSAR time-series data.
Stoch Environ Res Risk Assess. 2024;38(8):2911-26. https://doi.org/10.1007/s00477-024-02713-3
14. Shirzaei M. Surface deformation of New York City from multitemporal interferometric analysis of Sentinel-1 SAR datasets. arXiv preprint. 2023.
https://doi.org/10.48550/arXiv.2307.14477
15. Lu Y-Y, Ke C-Q, Jiang H-J, Chen D-L. Monitoring urban land surface deformation (2004-2010) from InSAR, groundwater and levelling data: A case
study of Changzhou city, China. J Earth Syst Sci. 2019;128(6). https://doi.org/10.1007/s12040-019-1173-y
16. Zhou W, Li S, Zhou Z, Chang X. Remote Sensing of Deformation of a High Concrete-Faced Rockfill Dam Using INSAR: A Study of the Shuibuya
Dam, China. Remote Sensing. 2016;8(3):255. https://doi.org/10.3390/rs8030255
17. Wasowski J, Bovenga F, Nutricato R, Nitti DO, Chiaradia MT. High resolution satellite multi-temporal interferometry for monitoring infrastructure
instability hazards. Innov Infrastruct Solut. 2017;2(1). https://doi.org/10.1007/s41062-017-0077-4
18. Kataoka MN, Ferreira MA, de Cresce El Debs ALH. Nonlinear FE analysis of slab-beam-column connection in precast concrete structures. Engi-
neering Structures. 2017;143:306—15. https://doi.org/10.1016/j.engstruct.2017.04.028
19. Awasthi S, Varade D, Bhattacharjee S, Singh H, Shahab S, Jain K. Assessment of Land Deformation and the Associated Causes along a Rap-
idly Developing Himalayan Foothill Region Using Multi-Temporal Sentinel-1 SAR Datasets. Land. 2022;11(11):2009. https://doi.org/10.3390/
land11112009
20. Awasthi S, Jain K, Bhattacharjee S, Gupta V, Varade D, Singh H, et al. Analyzing urbanization induced groundwater stress and land deforma-
tion using time-series Sentinel-1 datasets applying PSInSAR approach. Sci Total Environ. 2022;844:157103. https://doi.org/10.1016/j.scito-
tenv.2022.157103 PMID: 35810885
21. Varade D, Maurya AK, Dikshit O, Singh G, Manickam S. Snow depth in Dhundi: an estimate based on weighted bias corrected differential phase

observations of dual polarimetric bi-temporal Sentinel-1 data. International Journal of Remote Sensing. 2019;41(8):3031-53. https://doi.org/10.108
0/01431161.2019.1698076

PLOS One | https:/doi.org/10.1371/journal.pone.0339366 December 26, 2025 21/22



https://doi.org/10.1038/s41598-024-60698-z
http://www.ncbi.nlm.nih.gov/pubmed/38684836
https://doi.org/10.1016/j.scitotenv.2017.11.361
http://www.ncbi.nlm.nih.gov/pubmed/29288998
https://doi.org/10.1002/esp.2094
https://doi.org/10.3390/rs12172693
https://doi.org/10.1146/annurev.earth.28.1.169
https://doi.org/10.1109/tgrs.2011.2124465
https://doi.org/10.1109/igarss39084.2020.9323810
https://doi.org/10.1109/36.898661
https://doi.org/10.1109/36.898661
https://doi.org/10.1109/tgrs.2002.803792
https://doi.org/10.1371/journal.pone.0316100
http://www.ncbi.nlm.nih.gov/pubmed/39739968
https://doi.org/10.1103/PhysRevE.108.014901
http://www.ncbi.nlm.nih.gov/pubmed/37583216
https://doi.org/10.1371/journal.pone.0210021
http://www.ncbi.nlm.nih.gov/pubmed/30726213
https://doi.org/10.1007/s00477-024-02713-3
https://doi.org/10.48550/arXiv.2307.14477
https://doi.org/10.1007/s12040-019-1173-y
https://doi.org/10.3390/rs8030255
https://doi.org/10.1007/s41062-017-0077-4
https://doi.org/10.1016/j.engstruct.2017.04.028
https://doi.org/10.3390/land11112009
https://doi.org/10.3390/land11112009
https://doi.org/10.1016/j.scitotenv.2022.157103
https://doi.org/10.1016/j.scitotenv.2022.157103
http://www.ncbi.nlm.nih.gov/pubmed/35810885
https://doi.org/10.1080/01431161.2019.1698076
https://doi.org/10.1080/01431161.2019.1698076

PLO\Sﬁ\\.- One

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ye Z, Miao P, Li N, Wang Y, Meng F, Zhang R, et al. Dynamic Relationship between Agricultural Water Use and the Agricultural Economy in the
Inner Mongolia Section of the Yellow River Basin. Sustainability. 2023;15(17):12979. https://doi.org/10.3390/su151712979

JiH, Fan, Zhai Y, Luo H, Zhang B, Mou X. River boundary evolution characteristics and influencing factors in Inner Mongolia reach of Yellow
River during 1988-2018. Bulletin of Soil and Water Conservation. 2020;40(5):242-9, 267. https://doi.org/10.13961/.cnki.stbctb.2020.05.035

Wang S, Xing X, Wu Y, Guo X, Li M, Ma X. Restoration of vegetation in the Yellow River Basin of Inner Mongolia is limited by geographic factors.
Sci Rep. 2024;14(1):14922. https://doi.org/10.1038/s41598-024-65548-6 PMID: 38942788

Jiang X, Wang G, Wang Y, Yao J, Xue B, AY. A Hybrid Framework for Simulating Actual Evapotranspiration in Data-Deficient Areas: A Case Study
of the Inner Mongolia Section of the Yellow River Basin. Remote Sensing. 2023;15(9):2234. https://doi.org/10.3390/rs15092234

Qin Y, Zhang X, Wang F, Yan H, Han H. Scour and silting evolution and its influencing factors in Inner Mongolian Reach of the Yellow River. J
Geogr Sci. 2011;21(6):1037—46. https://doi.org/10.1007/s11442-011-0898-6

Fatholahi SN, He H, Wang L, Syed A, Li J. Monitoring Surface Deformation Over QOilfield Using MT-Insar and Production Well Data. In: 2021 IEEE
International Geoscience and Remote Sensing Symposium IGARSS, 2021. 2298-301. https://doi.org/10.1109/igarss47720.2021.9554972

Wang Q, Yu W, Xu B, Wei G. Assessing the Use of GACOS Products for SBAS-INSAR Deformation Monitoring: A Case in Southern California.
Sensors (Basel). 2019;19(18):3894. https://doi.org/10.3390/s19183894 PMID: 31510009

Kalavrezou I-E, Castro-Melgar |, Nika D, Gatsios T, Lalechos S, Parcharidis I. Application of Time Series INSAR (SBAS) Method Using Sentinel-1
for Monitoring Ground Deformation of the Aegina Island (Western Edge of Hellenic Volcanic Arc). Land. 2024;13(4):485. https://doi.org/10.3390/
land13040485

Wang D, Wang S, Huang C. Comparison of Sentinel-2 imagery with Landsat-8 imagery for surface water extraction using four common water
indexes. Remote Sensing for Natural Resources. 2019;31(3):157—65. https://doi.org/10.6046/gtzyyg.2019.03.20

Xu H. Modification of normalised difference water index (NDWI) to enhance open water features in remotely sensed imagery. International Journal
of Remote Sensing. 2006;27(14):3025-33. https://doi.org/10.1080/01431160600589179

Acharya TD, Subedi A, Lee DH. Evaluation of Water Indices for Surface Water Extraction in a Landsat 8 Scene of Nepal. Sensors (Basel).
2018;18(8):2580. https://doi.org/10.3390/s18082580 PMID: 30087264

Zhou J, Her YG, Niu B, Zhao M, Li X, Yu X. Regional-scale monitoring of underwater and dry ground subsidence in high phreatic areas of North
China Plain. PLoS One. 2020;15(8):e0237878. https://doi.org/10.1371/journal.pone.0237878 PMID: 32833966

Cheng P, Wu L, Zhang H, Zhou J. Inclusion of root water absorption and reinforcement in upper bound limit stability analysis of vegetated slopes.
Computers and Geotechnics. 2024;169:106227. https://doi.org/10.1016/j.compge0.2024.106227

Bosco C, Sander G. Estimating the effects of water-induced shallow landslides on soil erosion. IEEE Earthzine. 2014;7:910137. https://doi.
org/10.48550/arXiv.1501.05739

Lobkovsky AE, Jensen B, Kudrolli A, Rothman DH. Threshold phenomena in erosion driven by subsurface flow. J Geophys Res. 2004;109(F4).
https://doi.org/10.1029/2004jf000172

Wang F, Wen Z, Gao Q, Yu Q, Li D, Chen L. Thermokarst landslides susceptibility evaluation across the permafrost region of the central
Qinghai-Tibet Plateau: Integrating a machine learning model with INSAR technology. Journal of Hydrology. 2024;642:131800. https://doi.
org/10.1016/j.jhydrol.2024.131800

Yu W, Jiang M, Cheng X. Integrating MODIS LST and Sentinel-1 INSAR to monitor frozen soil deformation in the Qumalai-Zhiduo area, Qinghai-
Tibet Plateau. International Journal of Digital Earth. 2023;16(1):1923—-43. https://doi.org/10.1080/17538947.2023.2218116

PLOS One | https://doi.org/10.1371/journal.pone.0339366 December 26, 2025 22122



https://doi.org/10.3390/su151712979
https://doi.org/10.13961/j.cnki.stbctb.2020.05.035
https://doi.org/10.1038/s41598-024-65548-6
http://www.ncbi.nlm.nih.gov/pubmed/38942788
https://doi.org/10.3390/rs15092234
https://doi.org/10.1007/s11442-011-0898-6
https://doi.org/10.1109/igarss47720.2021.9554972
https://doi.org/10.3390/s19183894
http://www.ncbi.nlm.nih.gov/pubmed/31510009
https://doi.org/10.3390/land13040485
https://doi.org/10.3390/land13040485
https://doi.org/10.6046/gtzyyg.2019.03.20
https://doi.org/10.1080/01431160600589179
https://doi.org/10.3390/s18082580
http://www.ncbi.nlm.nih.gov/pubmed/30087264
https://doi.org/10.1371/journal.pone.0237878
http://www.ncbi.nlm.nih.gov/pubmed/32833966
https://doi.org/10.1016/j.compgeo.2024.106227
https://doi.org/10.48550/arXiv.1501.05739
https://doi.org/10.48550/arXiv.1501.05739
https://doi.org/10.1029/2004jf000172
https://doi.org/10.1016/j.jhydrol.2024.131800
https://doi.org/10.1016/j.jhydrol.2024.131800
https://doi.org/10.1080/17538947.2023.2218116

